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ABSTRACT
It is currently believed that the “standard” accretion disk theory under-predicts the observed X-ray luminosity
from Soft X-ray Transients (SXT) in quiescence by as much as 4 to 6 orders of magnitude. This “documented”
failure of the standard model is considered to be one of the strongest arguments for the existence of the Advec-
tion Dominated Accretion Flows (ADAF) in Astrophysics, since these flows allow a much higher level of X-ray
emission in quiescence, in agreement with the observations. Here we point out that, in stark contrast to the static
standard disks, such disks in quiescence produce most of X-ray emission very far from the last stable orbit. Tak-
ing this into account, we demonstrate that these disks can accommodate the observed X-ray luminosities of SXTs
rather naturally. We also suggest that the X-ray emission from the dwarf novae in quiescence may be dominated
by that from the “accretion” belt of the white dwarf rather than the accretion disk or the boundary layer. Finally,
we note that our theory predicts that Fe Kα lines from standard accretion disks in quiescence should be narrow
even though the cold disk goes all the way down to the last stable orbit around a black hole.
Subject headings: accretion, accretion disks —binaries:close —- novae, cataclysmic variables — line: formation
1. INTRODUCTION
Soft X-ray transients are mass transfer binaries which peri-
odically undergo outbursts in which their luminosity increase
by several orders of magnitude (e.g., see reviews by Tanaka &
Lewin 1995; Van Paradijs & McClintok 1995; Wheeler 1996;
Cannizzo 1998). The compact object may be either a neutron
star (NS) or a black hole (BH). SXTs are particularly interest-
ing given the ongoing debate about the structure of the inner
accretion disk. In quiescence, the luminosity of SXTs seems
to be much higher (e.g., Verbunt 1995; Lasota 1996, Yi et al.
1996; Lasota, Narayan & Yi 1996; Narayan, McClintock &
Yi 1996) than allowed by the standard model (Shakura & Sun-
yaev 1973; expected to be modified for SXTs due to hydrogen-
ionization instability – e.g., Minishige & Wheeler 1989). While
for NS this difference can be accounted for by the emission
from the NS itself (e.g., Brown, Bildsten & Rutledge 1998), for
the black holes there is no such alternative. Lasota, Narayan
& co-workers argued that because the “standard” theory pre-
dicts that the inner accretion disk is essentially empty of mass
in quiescence and accretes at a very small accretion rate, M˙in, it
cannot reproduce the observed X-ray luminosity Lx,obs: typical
numbers are 0.1M˙inc2  (10−4 − 10−6)  Lx,obs. They con-
clude that SXTs in quiescence clearly invalidate the standard
model.
However, in this Letter, we argue that this argument is es-
sentially incorrect because quiescent standard disks should pro-
duce most of their X-ray emission at very large radii precisely
due to the fact that the inner disk is almost “empty” of mass. At
large radii, the maximum allowed accretion rate is much larger,
and the observed X-ray luminosity can be easily reproduced.
We also briefly discuss observations of X-ray emission from
dwarf novae (DN) systems, and make a prediction that the iron
lines from quiescent accretion disks are narrow even though
these disks extend down to the last stable orbit or the surface of
the compact star.
2. HYDROGEN IONIZATION INSTABILITY: BASIC FACTS
Because the argument of Lasota (1996) against the stan-
dard model in SXTs is qualitative, we will address it with a
qualitative model as well. The hydrogen ionization instabil-
ity of accretion disks has been studied for more than 20 years
now for a range of central objects – White Dwarfs (WD), NS,
and galactic and extra galactic BHs (e.g., Hoshi 1979; Smak
1982; 1984; Minishige & Wheeler 1989 [MW89]; Minishige
& Shields 1990 [MS90]; Cannizzo 1993; Siemiginowska, Cz-
erny & Kostyunin 1996 [SCK96]). Cannizzo (1998, x2 & 3)
gives a short overview of the history of the development of the
theory and provides an easily accessible and enlightening dis-
cussion of the background physics. Here we will only sketch
the basic principles of the instability to the extent needed to ex-
plain our main point. The behavior of the unstable disk depends
on the so-called “S-curve” (see Figures in Smak 1982, MS90,
SCK96). The curves are different for different radii, but luckily
only slightly (see below). The static Shakura-Sunyaev solution
predicts that the disk effective temperature, Teff(R), changes
as R−3/4 with radius. Depending on the accretion rate, this
predicts that for small R, hydrogen is completely ionized, then
there should be a range of radii where hydrogen is partially ion-
ized, and finally, at large R, hydrogen should recombine com-
pletely.
However, it turns out that the partially ionized solution is
thermally unstable. Numerical simulations show that the un-
stable disks oscillate between two quasi-stable states in such a
manner that the accretion rate is not constant with time and with
radius, but the time-averaged accretion rate equals that at which
the matter is supplied at the outer edge of the disk, M˙0. One
of these states is the outburst state in which hydrogen is com-
pletely ionized, and the other is the quiescent state when hydro-
gen is neutral. To achieve thhe latter state, the mid-plane gas
temperature should be kept below  104 Kelvin, which in turn
requires Teff(R) < few103 depending on the black hole mass
and the viscosity prescription. Detailed calculations confirm
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2this, and, very importantly, show that the effective temperature
of the disk in quiescence is almost independent of R. In partic-
ular, the scaling law given by MS90 is Teff(R) / R−0.08, while
Smak (1984) and SCK96 find Teff(R) / R−0.12. Clearly, this
is an extremely weak dependence, which we will approximate
by Teff(R) ’ TC = const. Furthermore, the approximate con-
stancy of the disk effective temperature in quiescence has been
verified by observations of eclipsing dwarf novae (Fig. 11 in
Wood et al. 1986; Fig. 14 in Wood et al. 1989; and Figs. 5 & 6
in Bobinger et al. 1997).
Of course, the effective temperature is approximately con-
stant only for radii inwards of the point where the Shakura-
Sunyaev solution is unstable. Let us call the corresponding ra-
dius RC (see point C in Fig. 31 in Frank et al. 1992). For
larger radii, the disk is always non-ionized and so it follows the
static Shakura-Sunyaev solution, i.e., Teff(R) / R−3/4. For
our qualitative discussion, it will suffice to approximate
Teff(R) =
{
TC , if R < RC
TSS(R) otherwise , (1)
where TSS(R) is the Shakura-Sunyaev effective temperature of
the disk corresponding to the given radius, accretion rate M˙0
and black hole mass. The thermal disk flux is simply given by
Fd(R) = σBT 4eff(R).
It is important to point out that the disk luminosity per decade
of radius, defined as L(R)  R2Fd(R), scales according to
L(R) =
{
LC(R/RC)2, for R < RC
LC(R/RC)−1 for R > RC
, (2)
where LC = Fd(RC)R2C . Therefore, most of the viscous en-
ergy liberation for a quiescent disk occurs at R  RC  3RS.
The inner disk in the standard model is simply very dim and for
many purposes may be unobservable.
Another way to look at this is to consider the maximum ac-
cretion rate, M˙m, allowed by the requirement to keep hydrogen














where we have used equation 4.26 of Frank et al. (1992) con-
necting Fd with local viscosity, ν. That is, in quiescence,
M˙(R)  M˙m(R) =
{
M˙0(R/RC)3, for R < RC
M˙0 for R > RC
, (4)
This physically comes from the fact that the hydrogen ioniza-
tion instability, requiring the gas temperature to be low enough
on the low stable branch of the S-curve, puts the most stringent
constraints on the smallest radii, and thus the allowed M˙(R) is
smaller for smaller radii (see also Cannizzo 1998 on this).
3. X-RAYS DO NOT ALWAYS COME FROM THE INNER DISK
An assumption that is often made and that appears to be very
natural is that since the X-rays are the “hottest” part of the over-
all disk spectrum, and since Shakura-Sunyaev model predicts
that the disk is hottest in its innermost region, then this is the re-
gion where the X-rays are produced. However, if the X-rays are
produced by hot plasma created during reconnection of strong
magnetic fields above the atmosphere of the disk, then it is clear
that the resulting X-ray spectra have little to do with the tem-
perature of the underlying disk. The spectra depend primarily
on the Thomson depth of the hot plasma and its temperature
(which is independent of and much higher than Teff), and the
latter is controlled by the ratio of the X-ray flux created by the
flare to the disk flux, Fx/Fd, (e.g., Stern et al. 1995; Poutanen
& Svensson 1996), plus the exact (unknown) geometry of the
reconnection site. Therefore, it is entirely possible that a mag-
netic flare that occurs at R  1000RS will have an X-ray spec-
trum similar to, or even harder than that of a flare at R = 6RS ,
especially for the quiescent disks.
If one defines the α-parameter through ν = αcsH , where cs
and H are the sound speed and the disk pressure height scale,
respectively, then the total energy generated by the disk per unit
surface area is D(R) = (9/8) (GM/R3) νΣ = (9/8)αcsPtot,
where Σ is the mass column density, and Ptot is the total disk
mid-plane pressure. The flux of magnetic energy, Fmag, de-
livered by buoyancy to the disk surface and then presumably
transformed into X-rays by reconnection is Fmag  vbhPmagi,
where vb < cs is the average buoyant velocity, and hPmagi is
the average magnetic pressure. The viscosity parameter α was
defined by Shakura & Sunyaev (1973) to be α ’ νt + hPmagiPtot ,
where the first term, νt is the turbulent viscosity. It is now be-
lieved that the magnetic viscosity is significantly more impor-
tant than the turbulent one (e.g., Hawley, Gammie, & Balbus
1995; 1996), and that α  hPmagi/Ptot, and hence
Fmag  vbαPtot < αcsPtot = Fd . (5)
In other words, this equation shows that the rate of generation
of magnetic energy ( X-ray flux Fx) is proportional to the lo-
cal viscous energy release; the former will peak where the latter
peaks (i.e., at R  RC ). If we introduce LX(R) = Fx(R)R2,
then it will depend on radius exactly in the same way as L(R) in
equation 2. This is entirely natural because magnetic flares are
created and controlled by the underlying accretion disk (e.g.,
Galeev, Rosner & Vaiana 1979; Nayakshin 1998; Beloborodov
1999).
In a static Shakura-Sunyaev model, most of the viscous en-
ergy release happens in the inner disk, and this is why it is
safe to assume that X-rays come from very small radii for such
disks. In a time-dependent situation, the accretion rate through
the disk is not constant with R and, as we have shown in x2,
most of the energy is liberated at R  RC . For these disks,
there is nothing “magical” about the innermost regions, and it
is not appropriate to assume that X-rays come from R < 10RS .
4. X-RAY “PROBLEM” FOR STANDARD DISKS IN QUIESCENT SXTS
Currently, it is believed that there exists a clear-cur “evi-
dence” for a major failure of the standard disk instability model
for the quiescent state accretion disks around dwarf novae, neu-
tron stars and galactic black holes (SXTs). The popularity of
the ADAF model itself in part rests on this fact because it is
claimed to be the only model that can explain self-consistently
the level of X-rays in quiescence for the systems mentioned
above. Let us for a moment accept the suggestion that X-rays
emanate from the innermost region and follow the arguments
of Lasota (1996), as well as many other authors (e.g., Lasota,
Narayan & Yi 1996; Yi et al. 1996). The requirement for the
disk material to be below the instability point C on the S-curve
limits the accretion rate to be (Lasota 1996):
M˙m(R) ’ 2.76 103t−19 r3.117 M−0.371 α−0.79 gs−1 , (6)
3where M1 is the mass of the black hole in units of 10 M, t9
is the recurrence time in units of 109 s, and r7  R/107 cm.
Numerical models (e.g., MW89) satisfy this requirement. Also
notice that this condition is similar to the simpler one given by
equation 4, with scaling M˙m(R) / R3.11 instead of R3. Us-
ing 10 % efficiency of the conversion of the mass accretion rate
into X-rays, Lasota (1996) noted that two SXTs, A0620-00 and
V404 Cyg, have been detected at the accretion rates  1010
and  3 1012 g s−1 (see Verbunt 1995). This estimate is 4-6
orders of magnitude larger than the estimate given by equation
6, and thus the standard model completely fails.
However, as we argued in x3, most of the X-ray emission
comes from R  RC  3RS for the standard disks in quies-
cence, so that it is not appropriate to fix the efficiency of accre-
tion at   0.1. Approximately, we have







where we assumed that a fraction 0 < f < 1 of the viscous
dissipation in the disk is transformed into the X-ray emission.
By definition  = Lx/M˙c2, we have   2fRS/RC . Thus, the






which is much greater than M˙m(3RS). It is also greater than
Lx/(0.1 c2) used by the previous workers. However, because
M˙m(R) / R3.11C , there will be a value of RC that will yield
M˙m(RC)  M˙(RC), where the latter is given by equation 8.
For example, in the case of A0620–00, Lx  1031 erg s−1, and












where L31  Lx/1031 erg s−1. Let us now compare this
with the radius RC as expected on the basis of the requirement
that at an appropriate accretion rate M˙0, the static Shakura-
Sunyaev solution yields TSS(RC) = TC ’ few 103 Kelvin
(see equation 1). Lasota, Narayan & Yi (1996) find that the ob-
served level of the optical emission in A0620–00 corresponds













where M˙16  M˙0/1016 g s−1. This estimate is in a very good
agreement with equation 9.
To summarize, we have shown that the quiescent level of the
X-ray emission observed in SXTs is consistent with the “stan-
dard” model if one takes into account the fact that for these
disks most of the energy is liberated at large radii, RC  3RS,
and that there is no reason why the X-ray emission should come
from small radii. In fact, simple considerations show that if X-
rays are produced by magnetic fields reconnecting above the
disk, then the maximum of magnetic energy liberation should
occur at the same place where the viscous energy dissipations
reaches its peak (x3). Since the standard quiescent disks have
the maximum allowable accretion rate scaling as M˙C(R) / R3
or so, large RC can permit a much higher level of X-ray emis-
sion than it is allowed at the inner edge of the disk.
5. X-RAY EMISSION FROM QUIESCENT ECLIPSING DWARF NOVAE
The quiescent dwarf novae (DN) that contain white dwarfs as
the compact objects also exhibit the “excess” of X-rays in the
quiescence compared with that expected from the innermost re-
gion of the standard disk, but by a lower factor. Cannizzo, Chen
& Livio show that the observed X-ray luminosities (e.g., Era-
cleous, Halpern & Patterson 1991; Mukai & Shiokawa 1993)
exceed the theoretically allowed by a factor of  103. We be-
lieve that our argument (x4 is applicable to these systems as
well. However, it has been pointed out to us by John Can-
nizzo that there are several cases of eclipsing DN where the
X-ray eclipse is total. Amazingly, these observations showed
that the X-ray emitting region is about equal in size to that of
the WD, and in fact cannot exceed 1.15 of the WD radius, RWD
(e.g., Mukai et al. 1997; van Teesling 1997; Pratt et al. 1999).
Clearly, as such these observations are inconsistent with either
ADAF or the disk instability model proposed in this Letter be-
cause in both models the X-ray emission is expected to be ex-
tended.
However, in ascribing the X-ray emission to the accretion
flow, one tacitly assumes that the compact object does not emit
X-rays by itself. For the case of NS, this is probably not the case
(e.g., Brown, Bildsten & Rutledge 1998; Rutledge et al. 2000).
We propose that the X-ray emission from the DN systems in
quiescence may also be dominated by the X-ray emission from
the surface of the WD itself, at least in the case of the sys-
tems that have RC  RWD. Whereas there may be more than
one mechanism for this emission, we believe that one particu-
larly attractive option is the emission from the “accretion belt”,
whose existence has been proposed on theoretical grounds by
Kippenhahn & Thomas (1978). There appears to be some ob-
servational evidence for these belts (Sion et al. 1996).
The picture of the proposed mechanism is the following.
During the outburst stage, the accretion disk deposit a large
amount of angular momentum in the equatorial layer of a non-
magnetic WD. If the WD is not a perfect solid body, then the
equatorial layer will rotate faster than the rest of the star. Vis-
cosity of WDs is not known in enough details, but here we will
assume that it is not large enough to slow down the differen-
tial rotation of the WD immediately after the outburst (see also
Kippenhahn & Thomas 1978). In quiescence, the accretion rate
onto the WD is very low, so that the accretion belt is not experi-
encing the angular acceleration any more, and is instead being
slown down by viscous drag and different fluid instabilities with
the rest of the star. This process clearly generates heat – deep
inside the accretion belt and possibly on the surface of the WD,
if the differential rotation generates magnetic fields, which then
are transported to the disk surface where they heat the gas by
reconnection (as observed on the Sun and other normal stars,
e.g., Tajima & Shibata 1997).
6. DISCUSSION
In this paper we have shown that the standard accretion disks
may naturally account for the observed X-ray luminosities in
quiescent SXTs if one realizes that X-ray emission is not dom-
inated by in the innermost disk region. For hydrogen to be neu-
tral everywhere in the disk, one must keep the gas effective tem-
perature Teff(R) < few103 K for all radii. This means that (i)
the accretion disk is “most empty” in the innermost region; (ii)
4the accretion rate and the viscous energy liberation rate scale as
R3 until the point where the Shakura-Sunyaev solution predicts
that the disk is neutral. As we argued in x3, for accretion disks
with magnetic flares, the X-ray flux depends on the radius in the
same way as the total viscous energy liberation rate, and there-
fore it reaches the maximum at the same radius as the optical
luminosity (i.e., at R > 104RS in the case of the BH candidate
A0620–00).
We also suggested that observations of X-ray emission of
eclipsing DN systems in quiescence do not contradict this pic-
ture because X-rays may be predominantly emitted by the WD
themselves rather than by the accretion disks. We made a spe-
cific suggestion that the X-rays may be emitted by the “accre-
tion” belt – the part of the WD that has been accelerated to a
larger angular velocity during the outburst by accreting matter
and that comes into equilibrium with the rest of the star by (es-
sentially) friction when accretion stops in quiescence. While
this suggestion may not be rigorously checked because we cur-
rently have only limited knowledge about WD viscosity and
role of magnetic fields, it is intuitively clear that this may be
not the only mechanism by which WDs may be emit X-rays in
quiescence since even normal “boring” stars produce X-rays.
We would also like to note that our specific model for X-ray
emission in quiescence predicts that Fe Kα lines from SXTs
and AGN (which can also undergo outbursts and quiescence pe-
riods due to the hydrogen ionization instability) will be narrow
even though the cold accretion disk persists to the last stable or-
bit. While this is somewhat disappointing because narrow-ish
lines are also predicted by the ADAF model, we believe that
the line emission is still the key to distinguish these two mod-
els observationally. Namely, the ADAF model produces the
lines mostly due to collisional processes, and the line is dom-
inated by H- and He-like components (e.g., Narayan & Ray-
mond 1999) with the line centroid energy of  6.9 and 6.7 keV,
respectively, whereas in the case of the coronae above the disk,
the line is dominated by photo-ionization rather than by col-
lisions. Therefore, depending on the parameters of the X-ray
spectra (spectral index, cutoff energy) and X-ray flux illumi-
nating the surface of the standard disk (ratio Fx/Fd), we can
expect the iron line centroid energy to be at either  6.4 or 6.7
keV or be a combination of these two (e.g., Nayakshin & Kall-
man 2000). A narrow Fe Kα line at E ’ 6.4 keV with a large
equivalent width ( > 100 eV) could be a characteristic feature
of the standard quiescent disk, since most of X-ray emission in
the ADAF is created at small radii which yield little illuminat-
ing flux at large R > RC where the cold disk is located (and
thus small EW for the line). On the other hand, highly ionized
Fe Kα lines can be reproduced by both models, in principle,
and here a detailed modeling of the line emission will have to
be called in to distinguish between these two models.
Finally, we would like to emphasize the following general
consideration. The absence of emission from the inner disk
(whether this emission is Fe Kα line emission, continuum X-
rays or the disk thermal spectrum), is not a proof of the absence
of the standard disk there. The inner disk in the disk instabil-
ity model (which is nothing else as the Shakura-Sunyaev disk
model with time derivative allowed to be non-zero and modified
by the hydrogen instability) is expected to be very dim in all
wavelengths and so it may be difficult to discern in the data. In
order not to over-interpret the data, one needs to make sure that
the system under consideration is not in its quiescent state due
to hydrogen ionization instability or another type of accretion
disk instability (e.g., viscous instabilties due to radiation pres-
sure – e.g., Lightman & Eardley 1974; Nayakshin, Rappaport
& Melia 2000) during the whole observation period, or else in-
clude the appropriate physics of the disk instability rather than
assume the disk structure to be that of the standard accretion
disk truncated in an ad-hoc way.
The author acknowledges many useful discussions with John
Cannizzo.
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